Adherence is critical for maximizing the effectiveness of pre-exposure prophylaxis (PrEP) in preventing HIV infection. Strategies for promoting adherence to HIV treatment, and their potential application to PrEP adherence, have received considerable attention. However, adherence promotion strategies for prevention medications have not been well characterized and may be more applicable to PrEP. We aimed to identify adherence support interventions that have been effective in other prevention fields and could be applied in the HIV prevention context to support pill taking among PrEP users.
Introduction
Despite decades of prevention efforts and breakthroughs, HIV infection is a global pandemic, with 2.5 million people newly infected in 2011 [1] . Pre-exposure prophylaxis (PrEP) with once-daily oral emtricitabine/tenofovir disoproxil fumarate (FTC/TDF) was shown to reduce the risk of HIV infection among men who have sex with men (MSM) and transgender women in the Pre-exposure Prophylaxis Initiative (iPrEx) trial [2] , heterosexual serodiscordant couples in the Partners PrEP study [3] , and heterosexual men and women in a Centers for Disease Control and Prevention (CDC) PrEP trial [4] . Based on these findings, the US Food and Drug Administration (FDA) approved daily oral FTC/TDF for the prevention of HIV acquisition in July 2012.
Results from PrEP trials have highlighted the relationship between adherence and efficacy. In iPrEx, participants with drug detected in blood were estimated to have a substantially higher reduction in HIV infection risk than seen in the intention-to-treat analysis (92% vs. 44%) [2] . Similarly, in the Center for the AIDS Programme of Research in South Africa (CAPRISA) microbicide trial, selfreported high adherers had a high level of protection, while low adherers experienced lower PrEP efficacy [5] . Two large PrEP studies in African women, FEM-PrEP [6] and Vaginal and Oral Interventions to Control the Epidemic (VOICE) [7] , were unable to demonstrate PrEP efficacy, largely as a result of low adherence to the study drug [6, 7] . Across trials, analyses limited to those with detectable levels of the study drug demonstrated higher efficacy than analyses that did not take adherence into consideration. Thus, adherence has become a well-recognized requisite to realizing PrEP protection.
As PrEP rolls out in the USA, research and demonstration projects are testing intervention approaches that have effectively supported adherence to antiretroviral therapy (ART) among HIV-infected individuals. Guiding these efforts are a number of systematic reviews of ART adherence interventions [8] [9] [10] [11] , as well as reviews of interventions for adherence to medications used to treat chronic medical conditions [12] [13] [14] . Although lessons learned from the treatment of HIV infection [15] and other chronic diseases can provide useful guidance in designing interventions to support PrEP adherence, successful adherence support strategies in healthy or asymptomatic populations may differ from those that are successful in symptomatic populations. For example, while a number of adherence barriers and facilitators identified in iPrEx participants were similar to those in the HIV treatment setting [16] , other factors, including level of sexual activity [17] , perception of risk of HIV acquisition [9, 18] , and support from an HIV-positive partner [19] , may be unique to PrEP and may require tailored interventions in the prevention setting.
A number of studies have evaluated interventions specifically to improve adherence to medications used for preventing, rather than treating, health conditions. However, these adherence promotion strategies have not been synthesized in a comprehensive review. To address this gap in the literature, we conducted a systematic review across clinical prevention fields to identify adherence support interventions that could be applied in the PrEP context.
Methods

Data sources and study selection
We only considered randomized controlled trials (RCTs) for inclusion in this review because they provide the strongest evidence for intervention efficacy. Specifically, we included RCTs that evaluated the efficacy of interventions to improve adherence to daily oral medications. We included medications prescribed for primary prevention in healthy individuals or for secondary prevention in asymptomatic individuals, groups that are likely to have similar perceptions of risk and thus comparable barriers to and facilitators of adherence. Searches were conducted separately for each of the following prevention medication fields: oral contraceptives to prevent pregnancy, prophylaxis for latent tuberculosis, prophylaxis for malaria, post-exposure prophylaxis for HIV infection, medications to prevent osteoporosis, and medications to control hyperlipidaemia or hypertension to prevent cardiovascular disease and stroke.
Our search included studies published at any time until 31 December 2011. Sources of data included the following online databases: PubMed, the Cochrane Central Register of Controlled Trials, and the World Health Organization (WHO) Global Health Library, which includes a wide range of regional indices (AIM, LILACS, IMEMR, IMSEAR and WPRIM). Search terms for adherence and each prevention medication field were based on National Library of Medicine Medical Subject Headings (MeSH) terms and relevant terms used in recent Cochrane reviews on related topics. Adherence outcomes can be measured with a variety of approaches, including the use of direct measures (e.g. drug levels or treatment outcomes), indirect measures (e.g. electronic monitoring), subjective measures (e.g. selfreport) and secondary measures (e.g. attending a follow-up appointment) [20] . We included studies in this review that used at least one of any of these measures of adherence.
Two trained researchers independently reviewed each title and abstract to determine whether it met the inclusion criteria, with conflicts resolved by discussion or consultation with a third reviewer. We manually searched the reference lists of the reviews and included papers to identify any articles missed by our search strategy.
Data extraction and quality assessment
Study features were abstracted from each article, and authors were contacted for full text or clarification on methods or results as necessary. The assessment of the methodological quality of each study was based on the Cochrane Collaboration's bias assessment tool, which uses a set of criteria to judge the risk of bias introduced by the following study features: sequence generation; allocation concealment; blinding of participants, study personnel and outcome assessors; completeness of outcome data; selective outcome reporting; and other potential threats to validity. Two reviewers working independently abstracted data and assessed the risk of bias for each study, with conflicts resolved by discussion or consultation with a third reviewer.
Data synthesis and analysis
Because of the heterogeneous nature of the study populations, outcomes and types of intervention yielded by these searches, we determined that it was inappropriate to conduct a meta-analysis or other quantitative analyses. We summarized study characteristics and grouped interventions into categories that reflected the main component of the intervention evaluated. Studies that tested multiple interventions separately were included in multiple intervention categories, while studies testing combined interventions were categorized as multi-modal. To determine which interventions should be applied in the PrEP context, we identified studies that provided the strongest evidence of an effect, as well as those that showed benefit across clinical fields.
Results
Description of studies
Our searches identified 585 studies, of which 48 studies met the eligibility criteria and were included in the review (Fig. 1) . The studies were published from 1979 to 2011. After duplicate studies had been removed, the most common reason for exclusion from the review was using a non-RCT study design. Of the 48 studies, nine evaluated multiple strategies, yielding 64 separately tested interventions. Most of the interventions (40 of 64; 63%) were tested in the USA. All studies were published in English with the exception of four Spanish-language articles.
Interventions were tested among individuals using preventive medication for hypertension (28) , latent tuberculosis (15), hyperlipidaemia (7), pregnancy (6), osteoporosis (6), malaria (1) and HIV infection (1) . While some studies focused on marginalized populations, such as homeless individuals [35, 37, 43] , injecting drug users [36] , Latino adolescents [39] or low-income women [25, 42] , the majority included all individuals who had been prescribed or were eligible for the prevention medication under study. Several studies evaluated interventions among patients with asymptomatic disease that had not been successfully controlled, such as hypertension, but only one [48] was specifically targeted to individuals who had demonstrated difficulty with adherence.
Methodology and study quality
Adherence outcomes were measured using a variety of strategies, including self-report, pharmacy refill, visit attendance, pill count, medical records, direct observation, measurement of clinical outcomes, drug level testing and electronic monitoring devices, such as medical electronic monitoring system (MEMS, Aprex, Union City, CA, USA) caps. Almost half of interventions (26 of 64; 41%) were evaluated using direct measures of clinical outcomes or drug level testing, while less than one-fifth (10 of 64; 16%) relied exclusively on self-reported adherence. Half of interventions (32 of 64; 50%) were evaluated using multiple types of adherence measures. Duration of follow-up for adherence assessment ranged from 3 weeks to 2 years, with a mean duration of follow-up of 8 months.
Approximately half of the included studies (28 of 48; 58%) met at least one criterion for risk of bias. Given the nature of the interventions evaluated in some of the studies, it was not possible to blind participants, investigators and/or outcome assessors. Thus, risk of bias most frequently resulted from lack of blinding (nine of 48; 19%), as well as loss to follow-up that resulted in incomplete outcome data (10 of 48; 21%; Fig. 2 ).
Intervention types
Interventions were grouped into 10 categories (see Table 1 ) and are further described in the supplemental materials. Multi-modal approaches combined up to five components in one intervention. Interventions that provided information or education were the most frequently identified, and included printed materials such as brochures, magazines or leaflets [27, 50, 54, 57, 63, 67] ; videotapes [57] ; personalized educational sessions with a nurse [46, 51] ; or group sessions [66, 67] . Counselling or motivational interviewing interventions were provided by trained counsellors [39, 70] , nurses [33, 45] or an 'expert system' computer program [21] . Counselling approaches included tailored adherence guidance based on the transtheoretical model [21] , providing an opportunity for patients to talk about problems with their medication [45] , identifying and reducing barriers to adherence [33, 39] , and reducing risk behaviour [21, 70] , and ranged from one to 12 sessions. Counselling provided by peers [25, 31, 36] was included in the peer-based intervention category, which also included peer health advisers directly observing doses taken at a clinic [35] , peer health advisers accompanying patients to their visits [37] , and support provided by a friend or family member designated by the patient [27] .
Pill delivery interventions included the provision of blister packs for pills [30, 47] , multiple packs at a time [23] , a digital timepiece on the medication vial that showed the last time it was opened [32] , and directly observed therapy [36, 42] . Telephone-based interventions involved calls to remind subjects about their scheduled visits [50] , to remind subjects to take their medication as prescribed [26, 50, 64] , to remind patients about their next prescription refill [65] , to provide adherence support [22, 27, 59 ], or to provide counselling about side effects as needed [62] . All of the selfmonitoring interventions involved hypertensive subjects taking their own blood pressure at home [27, 30, 68] . Interventions using incentives or contracts were primarily tested in individuals prescribed medication for latent tuberculosis infection [31, [35] [36] [37] 43] , with the exception of one tested in patients with hypertension [30] , and most tested the effect of small cash incentives for kept appointments, adherence or directly observed therapy in homeless populations.
Interventions that provided feedback on medication adherence or clinical outcomes included sharing adherence data from MEMS caps with subjects [40, 44] , providing information on bone improvement among patients with osteoporosis [38, 56, 60] , and providing information on blood pressure among patients with hypertension [32, 61] . Both of the short message service (SMS) interventions were daily adherence reminders sent to patients' mobile phones [34, 58] , while both of the interactive voice response system (IVRS) interventions included calls to or from a computer Fig. 1 Identified studies of interventions to support adherence to daily oral medications prescribed in healthy or asymptomatic populations. Eligibility criteria were as follows: (1) randomized controlled trial; (2) at least one adherence outcome; (3) designed to support adherence to a daily oral medication in healthy or asymptomatic populations; (4) conducted in the following clinical fields: hypertension, latent tuberculosis infection, hyperlipidaemia, oral contraceptives to prevent pregnancy, osteoporosis, malaria prophylaxis and post-exposure prophylaxis for HIV infection.
system to provide adherence support [49, 52] or collect clinical information (i.e. blood pressure measurements) from patients [49] .
The duration and intensity of interventions varied widely, ranging from low-cost, low-intensity interventions, such as a single educational packet over the course of a year [54] , to more intensive interventions, such as twice-weekly directly observed therapy [35, 36] . Of the 62 interventions for which the site of the intervention could be determined, 24 (29%) were clinic-based, 22 (35%) were home-based and 16 (26%) involved some combination of delivery at the clinic and delivery in the home.
Intervention effects
Overall, for two-thirds of interventions (39 of 64; 61%) a statistically significant improvement was reported in at least one adherence measure that was sustained until the end of the pre-specified follow-up period (Table 2) . One self-monitoring intervention resulted in a small but statistically significant difference; the authors believed that this slight difference was not clinically significant, so this intervention was not categorized as having had an effect [68] . Positive results were most frequently reported for multimodal interventions (seven of seven; 100%), followed by Fig. 2 Risk of bias among the included studies (n = 48). 'Other bias' included bias potentially introduced by using different adherence measures across intervention groups, not accounting for clustering in analysis, contamination of the control group, not accounting for baseline differences between the intervention and control groups, and using different outcome measures over the course of study follow-up. counselling (four of five; 80%), telephone-based interventions (six of eight; 75%) and education-based interventions (nine of 12; 75%). Positive results were more frequently reported for home-based interventions (15 of 22; 68%) or those that combined delivery in the home and clinic (11 of 16; 69%) than for interventions delivered in a clinic setting (11 of 24; 46%). All intervention types were tested across multiple clinical fields with the exception of self-monitoring interventions. Interventions that were effective in improving adherence across multiple clinical fields included multimodal interventions, counselling, incentives/contracts, education-based interventions, peer-based interventions, SMS and IVRS interventions, and telephone-based interventions. Education-based interventions were effective across the widest array of clinical fields.
Of the 25 interventions that did not result in a sustained improvement in adherence, several were conducted in individuals with high baseline adherence, potentially limiting their ability to show an effect of the intervention [45, 57, 68] . Of the four SMS/IVRS interventions, the two interventions that used daily text messages showed high acceptability among participants, but did not result in improved adherence; this lack of effect may have resulted from contamination of the control group or participants in the control arm using alternative reminder methods [34, 58] . However, the two IVRS interventions were both associated with improvements in adherence [49, 52] .
Strongest evidence
Of the 39 interventions showing an improvement in adherence, 17 (44%) were associated with an improvement in at least one clinical outcome; of these 17, ten interventions (59%) were deemed to be at low risk of bias and thus provided the strongest evidence for approaches to improve prevention medication adherence. All were conducted in individuals with hypertension or hyperlipidaemia; three were multi-modal [32, 48, 69] , three were education-based [50, 63, 66] , two provided feedback on adherence or clinical outcomes [32, 61] , one intervened in the method of pill delivery [32] , and one was telephone-based [64] . Of the nine interventions reporting an absolute difference in adherence outcomes, effect sizes ranged widely (9-73%), with effect sizes below 25% being reported for most interventions; relative results were presented for one intervention, with 40% lower odds of uncontrolled systolic blood pressure and 90% higher odds of adherence in the intervention arm compared with the control arm.
Of the 10 interventions with the strongest evidence, the duration of follow-up was brief (4-6 months of follow-up), with the exception of one of the feedback interventions, for which participants were followed for 12 months. In that intervention, patients with hypertension were provided with written treatment instructions by a physician along with a card on which blood pressure, prescription and time of next visit were recorded, with the goal of improving 
A dash indicates that there were no studies of that type using a given adherence measure. Numbers may not add up to row totals because of studies using multiple adherence measures. NPR, number with a positive result (number of interventions for which a statistically significant improvement was reported in the given adherence measure); NA, number analysed (number of interventions for which the given adherence measure was analysed); SMS, short messaging service; IVRS, interactive voice response system.
continuation of treatment and blood pressure over the course of a year; the study found a 15% higher proportion continuing treatment and a 17% higher proportion with a 10% decrease in blood pressure in the intervention arm compared with the control arm [61] . Two of the multimodal interventions -which used various combinations of skills training, information provision, self-monitoring, feedback on adherence and clinical outcomes, and other approaches -resulted in substantial increases in adherence (21-73%) and reductions in blood pressure [32, 48] , although the intervention yielding a 73% increase in adherence was conducted in a very small sample (n = 15) [48] . Of note, the four education-based and telephone-based interventions with the strongest evidence were relatively low cost and low intensity. In one study, three phone calls over the course of 4 months to discuss adherence and remind subjects about the next scheduled visit resulted in a 20% increase in the proportion of patients with hyperlipidaemia who achieved control of lipid parameters [64] . Three of the interventions with the strongest evidence were tested in the same RCT among hypertensive adults over age 50 years, in which participants were randomized to (a) a group that used a medication vial equipped with a digital timepiece that provided feedback on the last time the cap was removed, (b) a group that used the timepiece cap and cards to record blood pressure at study visits or (c) a group that used the cap and cards in addition to home blood pressure monitoring, with the self-monitoring group experiencing the most substantial improvement in adherence (22% higher than the control arm) [32] .
Discussion
In this systematic review of interventions to improve adherence to prevention medications, we found evidence of interventions that demonstrated short-term improvements in medication adherence across a variety of clinical indications. The interventions with the strongest evidence for improving adherence were tested in individuals with hypertension or hyperlipidaemia. These ranged from complex, resource-intensive interventions, which combined multiple adherence support approaches, to low-cost, low-intensity interventions that provided education or telephone calls for adherence support. Although some of the reviewed interventions or intervention components were not easily generalized to the PrEP context, the majority of the interventions, including those with the strongest evidence for adherence improvement, could be translated across clinical settings and could be feasibly evaluated among PrEP users.
Our review is consistent with previous reviews of medication adherence that were not specific to prevention medication. In a review by McDonald et al. [13] , and a more recent update of that review by Haynes et al. [12] , almost all of the interventions that improved adherence to longterm medications were complex and involved multiple components, including self-monitoring, reminders, counselling, education and telephone calls [12, 13] . We found that all seven of the multi-modal interventions identified by our searches showed a benefit, and three were among the interventions with the strongest evidence for improvement in adherence. Unfortunately, because these studies did not test each intervention component separately, it is unknown whether all components were necessary to produce an effect on adherence. Furthermore, given their complexity, such interventions may be difficult to scale up outside an experimental context. In Haynes et al., a variety of simple interventions were successful in improving adherence to short-term treatments but did not extend to chronic medications. Similarly, although we found that several simple interventions provided strong evidence for improving adherence, particularly those involving education and telephone support, duration of follow-up did not exceed 6 months in these studies and it is unknown whether their benefits would have been sustained beyond that time period.
The goal of our review was to identify interventions that may be useful for adherence support among PrEP users. Based on our findings, we recommend that PrEP researchers consider testing multi-modal intervention approaches, ideally with designs that allow evaluation of the efficacy of individual components. Components of a multi-modal intervention to support PrEP adherence could include education about PrEP and the importance of adherence; counselling to improve adherence skills, such as incorporating pill taking into a daily routine and developing strategies for remembering doses when travelling [9] ; and/or provision of feedback on medication adherence (e.g. providing results from drug level testing). We also recommend testing simpler interventions, specifically those that are educationbased or provide telephone calls to support adherence to medication and remind users to attend scheduled visits. Based on recommendations in a review by Koenig et al., education-based interventions for PrEP users, in the form of either printed materials or brief discussion with a provider, could focus on improving users' understanding and self-perception of HIV infection risk, information about the drug, the regimen's requirements, potential side effects, and the signs and symptoms of acute HIV infection [9] . In addition to being less resource-intensive than complex interventions, such low-intensity interventions may be more feasible to scale up as PrEP is implemented in clinical care. Our review also found that several home-based interventions demonstrated positive results; home-based PrEP adherence strategies could be coupled with other homebased prevention strategies, such as home-based rapid HIV self-testing, which was recently approved by the FDA [71] . Finally, we recommend that adherence interventions be evaluated over a duration of follow-up that is sufficient to determine whether their benefits are sustained over time; these periods may vary given that PrEP should be used during periods of risk and is not viewed as a prevention approach required for a lifetime.
Current PrEP demonstration projects are evaluating a number of these interventions to promote PrEP adherence. These strategies include providing an educational handout with PrEP information and adherence guidance, telephone and SMS-based adherence support, drug detection feedback to participants and targeted interventions on the basis of drug detection, and various risk-reduction and adherence-promotion counselling approaches. However, most demonstration projects include adherence support for all participants and are not positioned to rigorously evaluate the efficacy of adopted approaches. There is a clear need for targeted research in this area.
There are several limitations to our review. The diversity of study populations, intervention types and adherence outcomes limited our ability to quantitatively analyse our results. Although we categorized interventions across clinical settings and intervention approaches, there may have been some overlap in intervention components such that some interventions could arguably have been classified as more than one type; regardless, we believe our categorizations provided a useful framework for descriptive analysis and recommendations. Because we did not restrict our searches to studies with a minimum sample size or a minimum duration of follow-up, the studies we included may have been limited in statistical power or their ability to identify long-term intervention effects. Although we did not exclude studies with risk of bias, some risks of bias may be difficult to avoid in the design of adherence interventions, such as lack of blinding. While we attempted to identify all eligible studies in the literature, it is possible that our search criteria missed some studies that should have been included. We were not able to include studies that have not been published; however, by searching the WHO Global Health Library, we hoped to alleviate the potential for publication bias by surveying studies published world-wide in nonEnglish languages. Finally, the study populations included in the review may differ from populations that will be using PrEP, thus limiting the generalizability of our findings. However, we believe that the clinical settings we selected are analogous to those of PrEP with regard to the use of prevention medication in healthy or asymptomatic individuals, and that there are lessons to be learned from our findings that can be extrapolated to the PrEP context. Despite these limitations, our systematic review identifies adherence interventions with strong evidence of efficacy across a range of prevention fields and provides recommendations for evaluating these potential adherence interventions in upcoming studies. Although adherence support strategies have been incorporated into PrEP trials to date [72] , almost all were implemented in such a way that their effect cannot be rigorously evaluated [73] . Several PrEP demonstration projects that are currently planned or underway are designed to evaluate the efficacy of interventions to support PrEP adherence using an RCT design, including studies in San Francisco, San Diego and New York. In addition to the qualitative data from PrEP trials on facilitators and barriers to adherence, our review of the literature across prevention fields can provide guidance to these demonstration projects on intervention selection, study design and outcome measurement. Improving adherence to PrEP will be critical for maximizing the public health impact of this important and novel strategy for HIV prevention.
